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The interplay of charge, spin and heat transport is investigated in the fascinating research field of
spin caloritronics, the marriage of spintronics and thermoelectrics. Here, many new spin-dependent
thermal transport phenomena in magnetic nanostructures have been explored in the recent years.
One of them is the tunnel magneto-Seebeck (TMS) effect in magnetic tunnel junctions (MTJs)
that has large potential for future nanoelectronic devices, such as nanostructured sensors for three-
dimentional thermal gradients, or scanning tunneling microscopes driven by temperature differences.
The TMS describes the dependence of the MTJ’s thermopower on its magnetic configuration when a
thermal gradient is applied. In this review, we highlight the successful way from first observation of
the TMS in 2011 to current ongoing developments in this research area. We emphasize on different
heating techniques, material designs, applications, and additional physical aspects such as the role
of the thermal conductivity of the barrier material. We further demonstrate the efficient interplay
between ab initio calculations and experiments within this field, as this has led, e.g., to the detection
of large TMS ratios in MTJs with half-metallic Heusler electrodes.
I. GENERAL INTRODUCTION
In the emerging field of spin caloritronics [1–4] a
huge amount of new spintronic effects related to thermo-
electrics has been explored. The heart of spin caloritron-
ics is the generation of spin-dependent phenomena by
thermal means. Analog to the classical Seebeck effect [5],
which is the generation of a thermoelectric voltage by
the application of a temperature gradient, the spin-
dependent Seebeck effect in magnetic metals and nanos-
tructures is the thermovoltage (or thermocurrent) that
depends on the magnetic state of the material or nan-
odevice. Here, the initial experiments [6–8] that started
the spin caloritronics research field have been triggered
by early magnetothermopower experiments in multilay-
ers [9, 10]. One key spin-dependent phenomenon is the
tunnel magneto-Seebeck (TMS) effect that describes the
induced magnetothermopower in a magnetic tunnel junc-
tion (MTJ) (see Fig. 1(b)). The TMS has been theoreti-
cally predicted by Czerner et al. [11] and experimentally
observed independently by Walter [12] et al. as well as
by Liebing et al. [13] for MgO-based MTJs in 2011. The
first large effect in AlOx-based MTJs has been reported
by Lin et al. [14].
This fascinating spin-dependent phenomenon is the
spin caloritronic analog to the tunnel magnetoresistance
(TMR) that has now been explored for decades in spin-
tronics [15] (see Fig. 1(a)). Although both TMR and
TMS have their origin in the spin-dependent transmis-
sion function of the MTJ and, therefore, are related to
the spin-split density of states (DOS) of the involved ma-
terials, the magnitudes of both effects have no direct con-
nection. While the TMR scales with the imbalance of ma-
jority and minority spin states close to the Fermi level,
the TMS is affected by the spin-dependent asymmetry of
the DOS with respect to the Fermi energy. This theoret-
ical description has recently been proven experimentally
by detecting a large TMS in MTJs with half-metallic
Heusler alloys that have the Fermi energy close to one
edge of the half-metallic band gap, thus supporting the
TMS by a large asymmetry of the DOS with respect to
the Fermi energy [16].
The inverse effect of the TMS, the tunnel magneto-
Peltier (TMP) effect has been discovered already. It de-
scribes the generation of a spin-dependent temperature
gradient across an MTJ when a charge current is ap-
plied [17] (see Fig. 1(c)). This effect together with the
TMS effect fulfills the Onsager reciprocity [18] for spin-
heat transport conversion. Parallel to the first TMS ex-
periments in 2011, thermal spin injection into semicon-
ductors has been discovered also known as Seebeck spin
tunneling [19–22].
The TMS in combination with a spin-transfer torque
(STT) [23] has the potential to thermally assist the mag-
netic switching of MTJs [24]. After the first theoretical
descriptions of the thermal STT in spin valves [25, 26]
and MTJs [27, 28] first evidences towards an experimen-
tal confirmation can be found in literature [29–33]. While
the electrically induced STT (magnetic switching by
spin-polarized charge currents) is already utilized in com-
mercially available STT-based magnetoresistive random-
access memory devices, the thermal STT is not yet ex-
plored in a way that it can be used for commercial de-
vices. Different applications are currently more promis-
ing such as three-dimensional sensing of thermal gradi-
ents [34] or scanning tunneling microscopy with temper-
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2FIG. 1. MgO-based MTJ design with Co-Fe-B magnetic electrodes for the demonstration of (a) tunnel magnetoresistance (TMR)
with applied voltage V and resulting charge current IAP/P leading to the tunnel resistances RAP/P = V/IAP/P, (b) tunnel
magneto-Seebeck (TMS) effect with applied thermal gradient ∇T and resulting thermopower voltage VAP/P described by the
Seebeck coefficients SAP/P = VAP/P/∆T as well as (c) tunnel magneto-Peltier (TMP) effect with applied charge current I and
resulting heat accumulation QAP/P depending on the antiparallel (AP) or parallel (P) alignment of the Co-Fe-B electrodes.
Schematic taken from Ref. [17] and modified.
ature differences [35, 36] as presented in the following.
Within this review we want to illustrate the TMS from
first observation over improvement of devices and TMS
magnitudes to future applications. In addition, we dis-
cuss fundamental open questions and ongoing research
such as the accurate determination of the thermal gradi-
ent in the MTJs and the role of the thermal conductiv-
ity of the insulating barrier. This review starts with an
introduction into the topic of TMR and TMS (Sec. II)
including the description of typical TMS experiments
subdivided by the individual heating technique (laser-
, electric-, intrinsic heating). Section III demonstrates
that applying a bias voltage in addition to the temper-
ature gradient can enhance the TMS up to 3000%. It
further discusses different electrode and barrier materi-
als as for example MgAl2O4 to optimize the TMS output.
The final Sec. IV presents further aspects of the TMS,
such as its angular dependence, the determination of the
thermal conductivity of the tunnel barrier material and
additional (magneto)thermoelectric effects that have to
be taken into account. We finally discuss in that section
the influence of three-dimensional thermal gradients and
the use of temperature differences in scanning tunneling
microscopy.
II. INTRODUCTION TO TMR AND TMS
MTJs have always been important building blocks in
spin- or magneto-electronics [37]. The interest started
with the discovery of TMR at room temperature in
1995 [38, 39]. Now, MTJs are used in magnetic logic
devices, magnetic sensors and magnetoresistive random-
access memories [37, 40]. The prediction [41, 42] and
experimental realization [43, 44] of giant TMR in MgO-
based MTJs as well as current induced magnetic switch-
ing (caused by STT) in 2004 [45] further stimulated
worldwide research activities.
An MTJ consists of a trilayer, in which two ferromag-
netic electrodes are separated by a thin insulating tunnel
barrier. A bias voltage applied across the tunnel barrier
results in a current perpendicular to the layer plane [46].
A schematic of an MTJ is given in Fig. 1 for the individ-
ual spin-dependent effects mentioned so far.
The two extreme configurations of the electrodes’ mag-
netization are parallel (P) and antiparallel (AP) align-
ment. In most cases, the tunnel current is smaller in the
AP- than in the P-case related (positive TMR). However,
for some materials the opposite case can occur connected
to a negative TMR [47–50]. Generally, the TMR ratio
given by the difference of the two conductivities gP and
gAP is
TMR =
gP − gAP
min(|gP|, |gAP|) . (1)
So far, the TMR ratio reaches values of up to 604%
in MgO-based MTJs at room temperature [51]. Typi-
cal TMR magnetic field loop measurements for Co-Fe-
B/MgO/Co-Fe-B MTJs are presented in Figs. 2(a) and
(c) taken from the original TMS publications of Wal-
ter et al. [12] and Liebing et al. [13]. While the TMR
curve of Fig. 2(a) describes a major loop (magnetization
of both electrodes switch successively), the TMR curve of
Fig. 2(c) represents a minor loop (magnetization of just
one electrode switches) due to exchange-biased magnetic
pinning of one electrode.
The size of the TMR is connected to the spin polar-
ization of the two electrodes and can be described by the
model of Jullie´re [15]. The model uses Fermi’s golden
rule to calculate the TMR from the spin polarizations P1
and P2 of the two electrodes. It concludes
TMR =
2P1P2
1 + P1P2
. (2)
The model is useful for a first understanding of the
TMR and can give some hints for the experimentalist to
design suitable materials. For example a half-metal, a
material with only one kind of spin polarization at the
3Fermi level, is expected to lead to very large TMR ra-
tios. However, the model assumes constant transmission
probability for all electrons, which is not generally the
case. For example for MgO-based MTJs, the situation
becomes more elaborate, because of the complex band
structure of the magnesia in contact with the two elec-
trodes. Now, wave functions of distinct symmetry decay
further into the barrier than others, leading to different
transmission probabilities for electronic wave functions
with varying symmetry [42]. This violates one of the
main assumptions of the Jullie´re-model, which therefore
cannot be used in case of MTJs with symmetry filtering
properties.
If we exchange the applied bias voltage by a temper-
ature gradient and replace the measured current by the
thermovoltage as theoretically suggested in early litera-
ture [11, 52–54], we can observe the TMS [12, 13] as dis-
played in Fig. 1(b). The TMS depends on the magnetic
configuration of the MTJ as the TMR does. However, the
full magnetic field angular dependence is different as we
will discuss in Sec. IV A. Analog to the TMR, we define
the TMS as
TMS =
SP − SAP
min(|SP|, |SAP|) . (3)
Here, SP and SAP are the Seebeck coefficients for P and
AP magnetic orientation of the MTJ. In contrast to the
electric conductivity, the Seebeck coefficients can gener-
ally change sign. Hence, the TMS can have divergences
whenever one of the Seebeck coefficients is zero [11].
If the transmission functions TP(E) and TAP(E) for the
two magnetic configurations and the occupation function
f(E,µ, T ) are known, the Seebeck coefficients SP and
SAP can be calculated via the moments Ln obtained from
the Landauer formalism [11, 55]. These moments are
defined as
Ln =
2
h
∫
T (E)(E − µ)n(−∂Ef(E,µ, T ))dE , (4)
which are different for the P and AP case. The conduc-
tances gP and gAP as well as the Seebeck coefficients SP
and SAP can be derived as
g = e2 L0 and S = − 1
eT
L1
L0
. (5)
From these equations one can conclude that the con-
ductance g is proportional to the integral of the function
T (E) ·
(
−∂f(E)
∂E
)
, (6)
whereas the Seebeck coefficient S is proportional to the
center of mass of this function. Since g and S are not
directly related, TMR and TMS do not have a direct
connection. However, they are determined by the same
T (E) and, thus, are based on the same spin-split DOS of
the materials involved.
For the theoretical approach, ab initio calculations
based on density-functional theory (DFT) have been
conducted. In particular, the Korringa-Kohn-Rostoker
(KKR) and the non-equilibrium Green’s function method
has been used to obtain the transmission function
T (E) [11] that leads to the conductance and Seebeck co-
efficients via Eqs. (4) and (5) as well as to the TMR
and TMS values via Eqs. (1) and (3). For modeling
the electrode material at the interface to the tunnel bar-
rier, a supercell approach has been applied in the be-
ginning [11, 12, 56]. In subsequent studies the coherent
potential approximation has been employed in the KKR
method [57], which has less computational effort and the
possibility to use an arbitrary composition of the leads
in contrast to the supercell approach. It turned out that
non-equilibrium vertex corrections have to be taken into
account within the KKR code [58]. Further theoreti-
cal descriptions and aspects can be found in the men-
tioned references summarized in a recent review about
spin caloric transport from DFT by Popescu et al. [59].
In the following we will discuss the TMS for different
kind of heating techniques. The initial TMS observation
in MTJs has been achieved simultaneously in two groups.
While Walter et al. [12] used a laser to heat the top part
of the MTJ, Liebing et al. [13] patterned nanosized heater
wires on top of the MTJ. Later on, Zhang and Teixeira et
al. [60, 61] presented an intrinsic heating approach using
the applied tunnel current itself that creates a thermal
gradient and thus an intrinsic TMS. This latter approach
was discussed by Huebner et al. [62] and compared to
laser-heating induced TMS as recapped in Sec. II C of
this review.
A. Laser-heating induced TMS
In the first laser-heating induced TMS experiments, a
784 nm laser has been used with a focus of 15µm to 20µm
and a power of up to 100 mW to heat up the top part of
the MTJ and, thus, to generate the temperature gradi-
ent [12]. In later experiments different laser wavelengths
(e.g. 638 nm), smaller focus down to 2µm and larger
powers of up to 150 mW have been employed [16, 63–65].
The Co-Fe-B/MgO/Co-Fe-B MTJs with a size of 1µm to
12.5µm have been patterned by electron beam lithogra-
phy and ion beam etching as well as post-annealing [12].
A typical TMR and TMS result can be found in
Figs. 2(a) and (b), respectively. The arrows indicate the
magnetic alignment of the electrodes of the MTJ. The
TMR curve shows a hard-soft switching with a positive
TMR and 150% effect, while the TMS for a laser power
of 30 mW loop has a drop in Seebeck voltage of −8.8%
going from 5.7 mV (P) to 5.3 mV (AP) thermovoltage.
In order to estimate the temperature difference across
the barrier, finite element modeling based on the experi-
mental parameters (laser focus and power, material prop-
erties such as the thermal conductivity) has been done
as described in Ref. [12]. Thermal interface resistances
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FIG. 2. TMR and TMS voltage vs. magnetic field loops of
Co-Fe-B/MgO/Co-Fe-B MTJs. (a) TMR major loop with
different resistances for the P and AP configuration of the
MTJ. (b) Laser-heating induced TMS major loop. Figure
taken from Ref. [12]. (c) TMR minor loop. The magnetic field
HHL from the heater line results in a shift ∆H
±
C of the coercive
field. (d) TMS minor loop for different heating powers of the
heater line. The dashed line indicates the residual magnetic-
field-independent voltage after the dielectric breakdown of the
MTJ. Figure taken from Ref. [13].
and related effects have been neglected so far, but will
be discussed in Sec. IV B of this review. A temperature
difference of ∆T = 53 mK has been derived for a laser
focus of 15µm, a laser power of 30 mW and an MgO
barrier thickness of 2.1 nm using the thin film value of
κ = 4 W/mK for the thermal conductivity of the MgO
barrier [12]. The resulting SP = VP/∆T = −107.9µV/K
and SAP = VAP/∆T = −99.2µV/K lead to the TMS of
−8.8% following Eq. (3).
Another way to determine the thermoelectric proper-
ties of these devices is to measure the thermoelectrically
generated current of the device by a current amplifier in
closed circuit conditions. A typical measurement of the
laser-heating induced TMS current is shown in Fig. 3(b)
and can be compared to the laser-heating induced TMS
voltage via the known tunnel resistance (Fig. 3(a)). Note
that the TMS shows an increase of the Seebeck current
in the parallel state opposite to the Seebeck voltage be-
havior.
In general, the position and size of the laser strongly af-
fects the TMS signal [63, 65]. It was found that the TMS
vanishes for laser positions far off the centered position
on the MTJ and maximizes if aligned at the center. For
slight off-positions at the edges of the MTJs, additional
heat transport effects such as the anomalous Nernst ef-
fect arise [34]. They will be discussed in Sec. IV C of this
review. Any temperature dependence of the TMS has
only been rarely studied so far [12]. Theoretical calcula-
tions have been carried out and discuss sign changes of
the TMS at specific temperatures depending on the Co-
Fe interface termination [56] and composition [57]. Still
systematic experimental temperature-dependent studies
have to be done to confirm the theoretical predictions.
( c)
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FIG. 3. TMS current vs. magnetic field loops of Co-Fe-
B/MgO/Co-Fe-B MTJs. (a) Laser-heating induced TMS
voltage. (b) Laser-heating induced TMS current. Figure
taken from Ref. [63]. (c) TMS current loop for different heat-
ing powers of an external nanostructured heater. Figure taken
from Ref. [74].
In the beginning, only MTJs with MgO tunnel bar-
rier have been explored. In 2012, Lin et al. reported
on laser-heating induced TMS studies in MTJs with alu-
minium oxide barrier [14] with similar values for TMR
and TMS of about 40%. The TMS is mostly indepen-
dent from the heating power comparable to the results
for MgO-barrier MTJs [13]. Furthermore, Lin et al. [14]
were able to invert the thermal gradient by heating ei-
ther the top or bottom contact of the MTJ, thus inverting
the detected thermocurrent. However, they could not ob-
serve any magnetic field dependence for the thermocur-
rent. This can be expected if the larger thermovoltage
in the AP case is compensated by the simultaneously
increased tunnel resistance. Later on, further theoreti-
cal studies on MTJs with aluminium oxide barrier have
been conducted by Lo´pez-Mon´ıs et al. [66]. Huebner et
al. introduced MgAl2O4 tunnel barriers for laser-heating
induced TMS investigations [62, 67, 68]. This will be fur-
ther discussed in the Secs. II C and III B of this review.
The most laser-heating induced TMS studies so far
concentrate on MTJs with in-plane magnetized elec-
trodes. However, some rare experiments have been
done with MTJs exhibiting a perpendicular magnetic
anisotropy (PMA). This type of MTJs is also interest-
ing for STT switching experiments, since it usually needs
less current density to manipulate the magnetization of
one electrode by the spin-polarized current of the other.
Thus, MTJs with PMA are also promising candidates for
thermal STT experiments [30]. A typical MTJ stack with
very thin barrier and electrode thicknesses supporting
PMA is shown in Fig. 4(a). The resulting TMR (64.4 %)
and TMS (6%) curves are presented in Figs. 4(b) and (c),
respectively. This kind of sample has been studied in the
work of Leutenantsmeyer et al. [30].
50.8 nm MgO
FIG. 4. Laser-heating induced TMS voltage for an MTJ with
PMA. (a) Schematic of the MTJ’s structure. (b) TMR mag-
netic field loop. (c) TMS voltage loop for a laser power of
100 mW.
B. Electric-heating induced TMS
Another way to generate thermal gradients across the
layer stack of an MTJ is the use of electric Joule heater
lines (HL) lithographically placed on top of the MTJs.
Electric heater schemes are well established to character-
ize in-plane thermoelectric properties of thin films [69].
Such electric heaters on membrane based thermoelectric
measurement platforms were use, e.g., to characterize
the thermoelectric properties of magnetic thin films [70].
With respect to spin-dependent perpendicular transport
electric heating was employed to characterize Seebeck
spin tunneling from a ferromagnet into a semiconduc-
tor [19, 21] and spin heat accumulation in nanopillar spin
valves [71]. Such electric heater schemes have also been
realized by Liebing et al. to study the TMS by detecting
the tunnel magnetothermopower [13] and tunnel mag-
netothermocurrent [72] of Co-Fe-B/MgO/Co-Fe-B MTJ
nanopillars.
In the first electric-heater induced TMS studies with
in-plane magnetization, the MTJ stacks comprised a
complex stack sequence including an antiferromagnetic
pinning layer and a compensated synthetic antiferromag-
netic reference layer [73]. Nanopatterning of the MTJ
cells down to about 160 nm as well as contact defini-
tion was realized by electron beam lithography and clean
room processing. A 5µm wide HL was positioned on top
of the nanopillar and separated from the MTJ top contact
by a 160 nm thick Ta2O5 dielectric. Thermal gradients
across the MTJ were generated by applying AC or DC
heater currents of up to Iheat = 60 mA through the HL.
Note that for electric heating the typical HL Oersted field
of the order of 0.1 mT/mA must be considered for data
analysis. The heater temperature during the experiments
can be determined by calibrating the temperature depen-
dent resistance change on a variable temperature probe
station. This heater temperature and the temperature
of the sample stage as input for finite-element model-
ing of the heat flux trough the complex layer stack can
be utilized to estimate the temperature drop across the
MgO barrier [74]. In the above experiments, maximum
temperature drops of ∆T ≈ 45 mK were obtained.
Figure 2(d) shows typical thermopower data of these
MTJ nanopillars. The measured thermopower voltage V
in open circuit conditions between top and bottom con-
tact of the MTJ is displayed for heater powers Pheat of
21, 38 and 58 mW as function of the magnetic easy axis
field H. For all three curves VP in the P state is lower
than VAP in the AP state with a maximum difference
of ∆V ≈ 11µV. One can identify a TMS value indepen-
dent from the heating power with an average ∆VVP ≈ 32%.
The black dashed line in Fig. 2(d) indicates the ther-
mopower of the same MTJ patterned into nanopillars
with diameter down to 160 nm after the MgO barrier
was applied to current stress (dielectric breakdown). The
magnetic-field-independent Vshort allows to determine the
thermopower contribution of all non-magnetic layers of
the devices. Subtracting this background yields the true
TMS value of the Co-Fe-B/MgO/Co-Fe-B MTJ reaching
up to 90% for the given samples.
The different TMS magnitudes and the opposite signs
between laser- (Walter et al. [12]) and electric-heating
(Liebing et al. [13]) induced TMS detection in MgO-
based in-plane magnetized MTJs can be explained by
slight differences in the Co-Fe interface termination [56]
and composition [57] of the MTJs. The theoretical work
of Czerner and Heiliger shows that the influence of these
electrode properties can have a huge impact on the TMS
magnitude and sign. However, systematic experimental
investigations varying only the interface termination or
material composition while keeping the residual parame-
ters of the MTJs constant is very challenging and could
not be realized experimentally so far.
A typical example of the electric-heating induced TMS
current is shown in Fig. 3(c). The experimental data can
be well modeled taking into account the Onsager trans-
port equations and the TMR of the MTJ devices [75, 76].
The electric current I in the presence of the voltage V
and a temperature gradient ∇T across the MTJ is given
by I = g V −g S∇T where g is again the electric conduc-
tance of the MTJ and S the Seebeck coefficient. Mea-
surements of the junction resistance R as well as V and
I in an open circuit (I = 0) and closed circuit (V = 0)
configuration, respectively, allow to determine g = R−1
and V = S∇T . Using these values, the predicted mag-
netic thermocurrent I in closed circuit configuration is
given by I = VR and shows a good agreement with the
experimental data (solid lines in Fig. 3(c)).
Bo¨hnert et al. extended these studies by the in-
troduction of integrated thermometers allowing a bet-
ter determination of the thermal gradient [77] and a
more detailed analysis of the thermal interface trans-
port (see Sec. IV B). They further varied the MgO thick-
ness [78, 79] as summarized in Sec. III C of this review.
So far, no electric-heater induced TMS experiments on
6MTJs with PMA have been conducted.
C. Intrinsic TMS
Beside laser- and electric-heating another method for
the generation of a temperature gradient across an MTJ
has been suggested by Zhang and Teixeira et al. [60, 61],
namely an intrinsic heating by the tunnel current itself
leading to an intrinsic TMS. In their articles, they ex-
plain that the tunnel current I induces the thermal gradi-
ent via Joule heating and describe the resulting intrinsic
thermopower effect as a nonlinear correction to Ohm’s
law. They write
V (I) = RI + S α I2 (7)
with the resistance R and the Seebeck coefficient S
of the MTJ as well as α =
∑
j ηjRjRκj . Here, ηj is the
thermal asymmetric parameter [60], Rj the resistance and
Rκj the thermal resistance of the j-th layer. Thus, it is
assumed that any quadratic-in-I contribution in the V-I
curve of the MTJ can be related to this higher order term
induced by a heating effect that modifies the measured
voltage by an intrinsic TMS. However, this approach ne-
glects any nonlinearity from the MTJ characteristics it-
self, e.g. barrier potential asymmetries.
In order to extract the intrinsic magneto-Seebeck coef-
ficients from the V-I curve for P and AP alignment, the
data is separated into odd ((V+ − V−)/2 ∝ I) and even
((V++V−)/2 ∝ I2) parts plotted against I and I2, respec-
tively. The slope of the linear regressions (see Eq. (7))
gives the intrinsic magneto-Seebeck coefficients if α is es-
timated by a numerical calculation of the thermal profile
of the MTJ [60–62]. With this approach Zhang and Teix-
eira et al. concluded to have TMS values of more than
1000%. Ning et al. [80] adopted this procedure and con-
cluded to have similar large intrinsic TMS magnitudes
for MTJs with PMA.
In order to compare the intrinsic TMS obtained by this
symmetry analysis to the laser-heating induced TMS,
Huebner et al. [62] followed the same procedure for MgO
and MgAl2O4 (MAO) based MTJs. It turned out that
in their case, the separation of odd and even parts of
the V-I curves does not necessarily give linear depen-
dencies on I and I2, respectively. Therefore, a linear
regression could only be made for small tunnel currents.
The Seebeck coefficients obtained for the intrinsic TMS
differ from the laser-heating induced Seebeck coefficients
by more than one order of magnitude and have different
sign. As an example for MgO-MTJs, they determined
SP = 0.3µV/K
−1
and SAP = −7.5µV/K−1 for the in-
trinsic TMS via the symmetry analysis, while the laser-
heating induced TMS results in SP = −1010µV/K−1
and SAP = −1320µV/K−1. Beside quite different See-
beck coefficients, the intrinsic TMS values of 105% and
-75% for MgO and MAO based MTJs vary, as well, com-
pared to the laser-heating induced TMS ratios of 23%
and 3.3% measured on the same MTJs, respectively.
Alternatively, the higher orders in the V-I curve can
be described by an asymmetric barrier potential without
any connection to thermoelectrics. Using the Brinkman
model [81], one can fit the curves varying the potential
height ϕ, asymmetry ∆ϕ and thickness d of the bar-
rier. The model is valid for MTJs with low or vanishing
symmetry filter effect (constant transmission probabil-
ity for all electrons). As discussed by Huebner et al.,
for this kind of MTJs the Brinkman model alternatively
explains the higher orders in the V-I curves with reason-
able parameters [62]. They conclude, that the intrinsic
TMS cannot be unambiguously identified by the symme-
try analysis proposed by Zhang, Teixeira et al., because
of the higher-order terms in the V-I curve that are al-
ready present due to the barrier potential of the MTJ
itself. Additional techniques and analyses have to be de-
veloped in the future to clearly distinguish between V-I
characteristics from any intrinsic TMS contribution and
from the barrier potential of the MTJ.
III. INCREASE OF TMS RATIO AND
THERMOPOWER
There have been several ideas to increase the TMS
magnitude. This includes the theoretical variation and
optimization of the interface termination [56] and alloy
composition [57] in case of Fe-Co electrodes. The latter
basically shifts the Fermi level. Therefore, an idea from
experiment came up that the same goal could be reached
by applying a bias voltage [64]. This bias-enhanced TMS
has been studied theoretically and experimentally and
will be discussed next, followed by further material op-
timization aspects such as the use of half-metal Heusler
compounds as electrodes [64] or varying the thickness and
material of the tunnel barrier [67, 78, 79].
A. Bias-enhanced TMS
The idea of shifting the Fermi level by a bias voltage is
triggered by typical STM experiments in where the elec-
tronic states can be selected by a bias voltage. In the
case of the TMS it is more complicated, because there is
not only the bias voltage but also the temperature gra-
dient. Further, because now a bias voltage is applied
the thermopower voltage due to the temperature gradi-
ent cannot be measured directly. To overcome this issue
the thermocurrent rather than the thermovoltage is de-
tected as discussed in Secs. II A and II B of this review,
but with and without temperature gradient. Applying
a temperature gradient not only leads to a temperature
drop across the MTJ but also to an overall increase of
average temperature. This is illustrated in Fig. 5.
Thereby, the mean temperature T¯ = (TL + TR)/2
changes by ∆T¯ whereas the temperature difference across
the barrier is ∆T = TL−TR for TL and TR being the tem-
perature at the upper and lower interface of the barrier,
7respectively (cf. Fig. 5). As shown in the examples of
Secs. II A and II B, simulations with finite element meth-
ods show that ∆T is in the order of 50 mK (for the given
sample properties and heating parameters) and ∆T¯ can
be several Kelvin depending on the time after the heating
pulse [12].
In any case the Seebeck coefficient is not longer well
defined and the current I has to be considered, which is
given by
I(T¯ ,∆T, VB) =
2e
h
∫
dE T (E, VB, T¯ ) ·(
f(E,µL, T¯ − ∆T
2
)− f(E,µR, T¯ + ∆T
2
)
)
,
(8)
where VB =
µL−µR
e is the applied bias voltage. Here,
a cold current Ic can be defined without any heating by
using the occupation function
∆fc = f(E,µL, T¯ )− f(E,µR, T¯ ) . (9)
In the same way a hot current Ih with heating is in-
 =0
FIG. 5. Temperature changes during heating the MTJ. A
temperature gradient with the difference ∆T = TL − TR is
building up and the mean temperature T¯ = (TL + TR)/2 is
increased by ∆T¯ .
FIG. 6. Differences of the occupation functions for the cold
fc and hot fh case. In addition to the realistic case sketched
in Fig. 5 also the two limiting cases with only a temperature
gradient (∆T¯ = 0) and only a change of the mean temperature
(∆T = 0) are shown.
troduced by using the occupation function
∆fh = f(E,µL, TR)− f(E,µR, TL) . (10)
In the experiment one measures the difference between
both currents
∆I = Ih − Ic = 2e
h
∫
dE T (E, VB, T¯ ) (∆fh −∆fc) .
(11)
In order to understand, which states are contributing
to the detected current, ∆fc −∆fh should be analyzed.
The principle is sketched in Fig. 6. In all cases one gets
indeed contributions from other states but they are from
the lower and the upper limit of the bias voltage window.
In the case of a pure temperature gradient (∆T¯ = 0) the
difference in the occupation function is anti-symmetric.
The latter is symmetric in the case of a pure increase
of the average temperature (∆T = 0). In reality it is a
mixture of both cases. For example, in the experiment
by Boehnke et al. [64] finite element modeling shows that
∆T¯ >> ∆T as already mentioned above.
In order to get an idea about this effect Fig. 7(a) shows
a realistic transmission function. From that one can cal-
culate different scenarios using Eq. (11) for P and AP
alignment. The bias-enhanced TMS can be defined by
bTMS =
∆IP −∆IAP
min(|∆IP| , |∆IAP|) . (12)
FIG. 7. (a) Transmission functions for P and AP case
of a Fe0.7Co0.3/8MgO/Fe0.7Co0.3 MTJ. (b) Corresponding
currents (Eq. (11)) and bTMS (Eq. (12)) for T¯ = 300 K,
∆T = 1 K, and ∆T¯ = 1 K.
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(c) (d)
FIG. 8. Experimentally determined bias-enhanced TMS. (a) TMR ratio and resistance against magnetic field. (b) bTMS ratio
and measured current signal for a bias voltage of 210 mV and a laser power of 150 mW. The resulting effect ratio reaches
almost -3000%. (c) Variation of bias voltage for the bTMS. (d) Comparison to theoretical calculations. The experimental
values (dots) are derived from (c). The solid line represents the calculation that clearly shows several divergences attributed
to the vanishing ∆I in only one magnetic state of the MTJ resulting in such high effect ratios. Figures taken from Ref. [64].
The bTMS is shown for one scenario in Fig. 7(b). It is ob-
vious that the bTMS can be easily tuned by the applied
bias voltage. All this discussion neglects the influence of
bias voltage and temperature on the transmission func-
tion. Therefore, this is a rather rough estimate and just
gives an idea about the effect.
Corresponding measurements for the case that ∆T¯ >>
∆T are given by Boehnke et al. [64] using laser heating.
As presented in Fig. 8(b), the bTMS can reach values up
to 3000%, although the TMR is not that high (Fig. 8(a)).
By varying the bias voltage the ∆I can reach zero for
one magnetic configuration (see Fig. 8(c)). This zero
crossing of one Seebeck coefficient in the denominator of
the definition of Eq. (12) explains the high TMS ratios
as, e.g., presented in Fig. 8(b). These divergences are
also observable in the theoretic calculations and can be
compared with the experimental values (Fig. 8(d)). For
practical applications the absolute voltage value of SP or
SAP has to be kept at a reasonable signal amplitude at
the same time in order to exploit these large effects with
a low noise level.
B. Variation of electrode material
The TMS ratios observed so far do not extend a few
10%, if we do not consider any intrinsic TMS and the
bTMS. In order to increase the TMS by the choice of
proper materials, one should take into account the de-
pendence of the TMS on the asymmetry of the spin-split
DOS with respect to the Fermi energy. Thereby, one has
to consider two different cases. One goal might be to have
large Seebeck values for parallel and anti-parallel align-
ment but with opposite sign. Such transmission func-
tions are shown in Fig. 9(a). In this case the TMS ratio
as defined by Eq. (3) might be not that high.
Therefore, another idea is to have a very small Seebeck
(a) (b)
(c) (d)
FIG. 9. Ideal integrands (see Eq. (6)) at some temperature
for (a) different sign of SP and SAP and (b) for a very high
TMS ratio with a vanishing SP and a large SAP. Following
the Jullie´re model (see Eq. (13)) the panels (c) and (d) show
corresponding DOS that will lead to the desired transmission
functions.
9coefficient for one alignment and a large one for the other
alignment. This situation is shown in Fig. 9(b). One can
discuss how an MTJ with such transmission functions
should be designed. A simple way to answer this ques-
tion is to apply the Jullie´re model [15], which connects
in a simple way the available density of states n to the
transmission function via
TP ∝nL↑nR↑ + nL↓nR↓ ,
TAP ∝nL↑nR↓ + nL↓nR↑ ,
(13)
where L and R again refers to the material above and
below the barrier, respectively. The Jullie´re model is
valid only for incoherent tunneling but it gives some
clue of what kind of material is necessary. Applying
the Jullie´re model to the transmission function shown
in Fig. 9(a) leads to the finding that one magnetic layer
has to be a half-metal whereas the other one could be
a magnetic semiconductor with properly aligned bands.
This is shown in Fig. 9(c).
For the other case a possible solution is to have one
half-metallic magnetic layer and a second half-metallic
layer with properly aligned bands that show a peak in
one spin channel close to the Fermi level. Indeed such
a density of states is common for certain Heusler com-
pounds [16, 82, 83]. A similar Heusler on the other side
of the barrier would not get the desired behavior, because
the two peaks would lead to a asymmetric transmission
function in the AP case and, thus, to a non-vanishing See-
beck coefficient. In the case of the epitaxial MgO based
MTJs it is very simple to get the half-metallic proper-
ties, since the MgO/Fe or MgO/Fe-Co interface acts for
the transport properties like a half-metal [42, 84]. The
reason is that MgO filters states with ∆1 symmetry and
such states are only present in one spin channel of Fe.
Therefore, in order to get a very high TMS ratio one
should consider an MTJ of the form half-metallic Heusler
compound/MgO/Fe-Co. Following this idea, Boehnke
et al. [16] experimentally investigated MTJs with the
half-metallic Heusler compounds Co2FeAl and Co2FeSi.
As an example, we have picked the case of MTJs with
one Co2FeAl electrode to illustrate this successful way
from material design to high effect values. The DOS of
Co2FeAl in the B2 structure calculated by DFT is shown
in Fig. 10(a).
One can clearly see that the Fermi level is located at
the edge of the half-metallic band gap of Co2FeAl in the
B2 structure. This is also the case for Co2FeSi in the L21
structure [16]. For L21 structured Co2FeAl, the Fermi
level is in the center of the band gap. That is why B2
structured Co2FeAl is more likely to give a large TMS.
Boehnke et al. prepared Co2FeAl MTJs with Co-Fe-B
counter electrode and compared TMS as well as TMR
with MTJs having both electrodes made of Co-Fe-B. The
results for laser-heating induced TMS are presented in
Fig. 10(b). While the TMS ratio of the Co-Fe-B MTJ
stays below 50%, the TMS ratio of the Co2FeAl MTJ
nearly exceeds -100%. This result confirms the predic-
tions made based on the calculated DOS and the position
FIG. 10. TMS for MTJs with the half-metallic Heusler com-
pound Co2FeAl as electrode material. (a) DOS of Co2FeAl in
the B2 structure obtained by DFT calculations. The Fermi
level is located at the edge of the band gap resulting in a
large asymmetry of the DOS around the Fermi level and, thus,
supporting a large TMS. (b) Comparison of the laser-heating
induced TMS ratio between MTJs with Co-Fe-B and with
Co2FeAl electrode. (c) Comparison of the TMR ratio between
MTJs with Co-Fe-B and with Co2FeAl electrode. While the
Co2FeAl MTJs have much larger TMS ratios compared to
the Co-Fe-B MTJs, the TMR ratio is reduced. Figures taken
from Ref. [16].
of the Fermi energy (Fig. 10(a)) as well as the consid-
erations made with respect to the desired transmission
functions (Fig. 9).
If we further compare the TMR ratios of the two types
of MTJs (Fig. 10(c)), we identify a smaller TMR for the
Co2FeAl MTJ compared to the Co-Fe-B MTJ. This again
confirms the fact that TMS and TMR are not directly
related. Boehnke et al. investigated multiple MTJs
of each kind and also varied the Co-Fe composition in
agreement with the theoretical predictions of Heiliger et
al. [57]. However, the same trend was observed for all
samples: While large Seebeck coefficients in combination
with large TMS values up to -120% have been observed
for the Heusler MTJs, the values are much smaller for
the Co-Fe-B MTJs. This result is independent from the
magnitude of the TMR ratio as systematically studied
by Boehnke et al. [16].
Further material variations have been calculated by
Admin et al. [85] by taking advantage of materials
with large spin-orbit coupling, such as Pt. They cal-
culated a large tunnel anisotropy magneto-Seebeck effect
in CoPt/MgO/Pt tunnel junctions of 175%.
C. Variation of barrier material and thickness
The thickness of the insulating barrier and the choice
of the barrier material play another important role. This
has been systematically varied experimentally by Hueb-
ner et al. [67] as well as Bo¨hnert et al. [78, 79]. Be-
10
side MgO [12, 13] and AlOx [14] as barrier materials,
the spinel ferrite MAO is an interesting candidate with
fascinating properties. MAO has a lower lattice mis-
match with standard ferromagnetic electrodes (Fe, CoFe,
CoFeB, etc.) of 1% compared to MgO that has between
3% and 5% [86]. This low value can be even more reduced
by growing MgAl2Ox with reduced oxygen content via
molecular beam epitaxy [87]. As a tunnel barrier, MAO
exhibits a similar symmetry filter effect as MgO [88].
However, experimental TMR ratios obtained so far are
still below the values for MgO-based MTJs [89–91], while
magnetization switching by spin-transfer torque has been
demonstrated [92] and MgAl2Ox double-barrier systems
with pronounced resonant tunneling features in quantum
well structures have been realized [87].
In Fig. 11, the TMR and TMS ratios together with
the thermovoltage for MgO and MAO barrier MTJs with
Co-Fe-B electrodes are plotted against the resistance area
product RA that scales with the barrier thickness [67] are
summarized. The barrier thicknesses from 1 nm to 3 nm
result in resistance area products in the range of 10−1
to 105 kΩµm2. For each barrier thickness several MTJs
are characterized and averaged. The TMR is maximal
at around a nominal barrier thickness of 2 nm. Values
up to 30% for MAO based MTJs with RA = 100 kΩµm2
and 150% for MgO based MTJs with RA = 1000 kΩµm2
can be observed (Fig. 11(a)).
If the TMS ratios between MAO and MgO based MTJs
are compared, the TMS is again larger for MgO based
MTJs (Fig. 11(b). The maximum is observed for both
types of MTJs at a nominal barrier thickness of 2.6 nm
(RA between 1000 kΩµm2 and 104 kΩµm2). Experi-
ments and theory do not agree here, since theory pre-
dicts an increasing TMS ratio when going down from ten
monolayers (MLs) (2%) to six monolayers (10%) of MgO
(1 ML = 2.1 A˚) [57]. However, the interface structure can
be quite different in the experiment compared to the the-
ory, where it is assumed to be ordered perfectly. Further
decrease of TMR and TMS values for thinner barriers is
due to pinholes that become more probable for smaller
thicknesses and reduce the effect amplitudes. Since the
TMS is sensitive to the interface structure [56] and bar-
rier properties, this can already lead to discrepancies be-
tween theory and experiment.
Beside large TMS ratios, a huge thermopower is desir-
able. Therefore, the thermopower is plotted against the
barrier thickness, i.e. RA (Fig. 11(c)), for a laser power
of 150 mW and MTJs with an area of 6piµm2. Although
the TMS is smaller in MAO based MTJs compared to
MgO based ones, the thermopower is larger for the MAO
barrier throughout most of the thicknesses tested. The
highest value has been found for the thickest MAO bar-
rier of 2.6 nm. The two samples with a nominal MAO
thickness of 1.8 nm and 2.0 nm have been fabricated and
measured separately under different experimental condi-
tions which could explain the reduced thermopower val-
ues as discussed in Ref. [67]. The thermopower has been
taken after subtracting the lead contribution determined
after electric breakdown of the MTJ by applying 3 V to
the junction.
In addition, Bo¨hnert et al. [78, 79] investigated electric-
heater induced TMS in MTJs with Co-Fe-B electrodes
and an MgO barrier wedge with varied thicknesses from
1.2 nm to 1.6 nm related to 0.7 kΩµm2 and 55 kΩµm2,
respectively. The obtained TMS values between 5% and
35% are in comparable order of magnitude as the results
of Huebner et al. [67]. Theoretical studies on MTJs with
c
FIG. 11. Variation of the barrier thickness from 1 nm to 3 nm
which affects the resistance area product RA for MAO (left
axis, blue circles) and MgO (right axis, red squares) barrier
MTJs. (a) Comparison of the averaged TMR ratios over all
measured elements plotted against RA. (b) Comparison of
the laser-heating induced TMS ratios (averaged over all mea-
sured elements) plotted against RA. (c) Measured absolute
thermopower with a laser power of 150 mW of the MTJs with
an area of 6piµm2 plotted against RA. Figures taken from
Ref. [67].
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varying thickness of an aluminium oxide barrier has been
conducted by Lo´pez-Mon´ıs et al. [66]. However, experi-
mental investigations for this kind of MTJs with various
thicknesses of the aluminium oxide barrier are still miss-
ing.
IV. FURTHER ASPECTS AND APPLICATIONS
A. Angular dependence of the TMS
Up to now we discussed the P and AP alignment of the
magnetic moments. However, the magnetization of the
two ferromagnetic layers can be oriented in any direction
to each other. For the case of the TMR or the STT this
gives basically a simple cosine dependence [23, 93, 94].
For the TMS this can be different [95]. Figure 12(a)
shows the calculated normalized angular dependence for
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FIG. 12. Angular dependence of the TMS. (a) Seebeck co-
efficients obtained by ab initio calculations [11, 12, 57]. The
symbols are the angles where the calculations have been done
and the solid lines are Eq. (14). (b) Experimental data of
the angular dependence of the Seebeck coefficient compared
to Eq. (14) for different TMR ratios. Figures taken from
Ref. [95].
three different MTJs. The main difference between these
junctions is the TMR ratio. It can be shown that the an-
gular dependence of the Seebeck coefficient S follows [95]
S(θ) =
SP · TMR+ SP + SAP + (SP · TMR+ SP − SAP) · cos(θ)
TMR+ 2 + TMR · cos(θ) .
(14)
From that it becomes clear that in the limiting case
of vanishing TMR the TMS obeys a cosine dependence.
This explains also different results between theory and
experiments, because in experiments TMR ratios are typ-
ically between 100% and 300% whereas in theory they are
typically far above 1000%. In Fig. 12(b) we show exper-
imental results compared to Eq. (14) for different TMR
ratios. One obtains fairly good agreement to Eq. (14) by
plugging in the TMR ratio of the experiment. The results
show that although the TMS and TMR ratios are inde-
pendent they are connected via the angular dependence.
In particular, the TMR ratio can be fitted by applying
Eq. (14) to the experimental data.
B. Temperature drop across a tunnel barrier
All the discussed experiments need a temperature gra-
dient across an MTJ. Whereas in theory the transport
parameters are in linear response, i.e. with vanishing
temperature gradient, in experiment one has a basically
unknown temperature drop across the barrier. However,
this drop is important to calculate for example the See-
beck coefficient, because a thermovoltage is measured
only. Recently, there are some experimental attempts to
measure the temperature drop locally [77, 96]. But typ-
ically, finite element simulations are carried out in order
to estimate the temperature drop [12, 13, 62].
One drawback of this simulation is that it assumes clas-
sical diffusion equations and transport properties of bulk,
thin film, or interfaces as an input. However, in a nanos-
tructure such as in an MTJ where the layers are only a
few monolayers thick it is questionable if classical trans-
port is valid and if even a temperature can be rigidly
defined. In addition, any contribution of interface ther-
mal resistances has been neglected so far in these sim-
ulations. Moreover, in a case of an MTJ the thermal
transport through the metallic layers will be dominated
by electrons whereas the transport through the insulator
will be dominated by phonons.
Therefore, Zhang et al. [97] calculated the phonon
DOS (PDOS) for an MTJ with 3 monolayers MgO sand-
wiched between 4 monolayers of Fe using non-equilibrium
Green’s functions. The structure together with projected
phonon density of states are shown in Fig. 13. In addi-
tion, also the PDOS of bulk MgO and bulk Fe is shown.
By comparing these two it is obvious that there is a huge
mismatch. In particular, there is a cut-off energy of about
40 meV given by Fe, and at the energy range from 20 meV
to 30 meV where Fe has a rather high PDOS, MgO shows
very low PDOS. Such a mismatch means that there is a
very high thermal interface resistance.
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FIG. 13. (a) The sketch of the Fe/MgO(3ML)/Fe MTJ for
the calculation of phonon transmission function. The super-
cell used for the phonon calculations is marked as scattering
region. (b) The corresponding total and projected phonon
density of states (PDOS). In addition the bulk PDOS of Fe
and MgO are shown. Figure taken from Ref. [97].
This is reflected in the corresponding transmission
function shown in Fig. 14(a). Thereby, the transmis-
sion function is almost independent of the MgO thick-
ness. From the transmission function one can calculate
the thermal conductance shown in Fig. 14(b). These val-
ues already show orders of magnitude smaller values than
bulk MgO [98] and even smaller than MgO thin films [99].
For comparison Fig. 14(c) shows the electron thermal
conductance. As expected it decays exponentially with
the increasing MgO thickness. Even at thin MgO barri-
ers it is one order of magnitude smaller than the phonon
thermal conductance.
In order to get the thermal conductance of the whole
MTJ the energy balance equations can be solved for the
for different MgO thicknesses are shown in Fig. 3(b). The
cutoff energy of tpðεÞ is 38 meV and corresponds to the
cutoff frequency of bulk Fe. The general shape of tpðεÞ is
almost independent of the MgO thickness. Minor shifts of
the peak positions are visible, which may originate from
quantized phonon modes within the barrier. Using tpðεÞ we
calculate κMTJp [24]. Its temperature dependence is shown in
Fig. 3(c). There is a slight difference for different MgO
thicknesses. At 300 K, κMTJp is found to be on the order
of 108 Wm−2K−1.
The screened-KKR (Korringa-Kohn-Rostoker) Green
function method [13] is adopted to calculate the electronic
transmission teðεÞ, which depends on the relative magnetic
orientation of the Fe leads to each other. Details of the
method are described in Refs. [13,14]. κMTJe is obtained
from teðεÞ [32,33]. κMTJe for parallel or antiparallel mag-
netic alignment are shown in Fig. 3(d). Since the electrons
are tunneling through the MgO, κMTJe decreases exponen-
tially with increasing barrier thickness. Even at the smallest
considered MgO thickness of 3 monolayers, κMTJe at 300 K
is 1 order of magnitude smaller than κMTJp .
Using κMTJp and κMTJe we calculate the temperature profile
in Fe=MgO=Fe MTJs by solving a one-dimensional ther-
mal transport equation. We simultaneously consider the
electron and phonon transport, which carry the heat flux
across the junction as well as the electron-phonon inter-
action in the Fe leads. It is reasonable to neglect the magnon
contribution to the thermal transport since the magnon
transport across the junction is assisted by electron tunnel-
ing through electron-magnon interaction, which is at least 1
order of magnitude smaller than the electron and phonon
transport process.
The energy balance equations in the Fe leads are [34]
kFee
d2TeðzÞ
dz2
−GephðTe − TpÞ ¼ 0;
kFep
d2TpðzÞ
dz2
þGephðTe − TpÞ ¼ 0; ð1Þ
where kFee and kFep are the electron and phonon thermal
conductivities in Fe, respectively. For these quantities we
take the bulk values, which are listed in Table I. Geph is the
electron-phonon interaction factor, which is determined by
Geph ¼ πkBλhω2iDðεFÞ [35]. kB is the Boltzmann constant,
λ is the electron-phonon mass enhancement parameter,
DðεFÞ is the electron density of states at the Fermi energy,
and hω2i ≈ θ2D=2 is the second moment of the phonon
spectrum defined by McMillan [36], where θD is the Debye
temperature. Using the corresponding parameters listed in
Table II, Geph of Fe is 9.925 × 1017 Wm−3K−1. This
value for Fe is comparable but slightly smaller than that
of nickel (10.5 × 1017 Wm−3K−1) and platinum
(10.9 × 1017 Wm−3 K−1) [35].
The solutions of Eq. (1) for the left (L) and right (R) Fe
layers are
TLðRÞe;p ðzÞ ¼ BLðRÞe;p þ CLðRÞe;p zþDLðRÞe;p eþð−Þðz=lFeÞ; ð2Þ
where the coefficients are given by
BLðRÞe ¼ BLðRÞp ; CLðRÞe ¼ CLðRÞp ;
DLðRÞe ¼ − k
Fe
p
kFee
DLðRÞp :
Thus, the last term in Eq. (2) accounts for a electron-
phonon imbalance at the Fe=MgO interface. Consequently,
lFe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Geph
kFee kFep
kFep þ kFee
s
;
1
l2Fe
¼ 1
l2e
þ 1
l2p
ð3Þ
is the characteristic length of this imbalance and
l2e;p ¼ κFee;p=Geph. We have to calculate 6 coefficients,
BLðRÞe , C
LðRÞ
e , and D
LðRÞ
e , by using the following 6 boundary
conditions,
FIG. 3 (color online). (a) Projected phonon density of states
(PDOS) for a supercell with 8 ML Fe and 3 ML MgO. The atom
index is the same as in Fig. 1. The PDOS for bulk Fe and MgO is
shown for reference. (b) The phonon transmission as a function of
energy for Fe=MgOð3–9 MLÞ=Fe MTJs. (c) The phonon and
(d) electron thermal conductance of Fe=MgOð3–9 MLÞ=FeMTJs
as a function of temperature.
TABLE II. Parameters used for calculating the electron-phonon
interaction factor of Fe.
λ θD (K) DðεFÞ (states/Ha) Geph (Wm−3 K−1)
0.243 [37] 470 [38] 23.02 [37] 9.925 × 1017
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I . 14. (a) Pho on transmission function, (b) phonon con-
ductance κMTJp , and (c) electron thermal conductance of
Fe/MgO(3 − 9 ML)/Fe as a function of temperature. Figure
taken from Ref. [97].
dTLe;pðzÞ
dz

z¼−d=2
¼ dT
R
e;pðzÞ
dz

z¼d=2
;
κMTJe;p

TLe;p

−d
2

− TRe;p

d
2

¼ −κFee;p
dTRe;pðzÞ
dz

z¼d=2
;
TLe ðz ¼ −LÞ ¼ TL; TRe ðz ¼ LÞ ¼ TR;
where the last two conditions are some given temperatures
at the left and right of the MTJ, which has a total thickness
of 2L.
To illustrate our result, we show in Fig. 4 the electron
and phonon temperature profiles for a Feð10 nmÞ=
MgOð9 MLÞ=Feð10 nmÞ MTJ with a temperature
difference of 1 K. The consequence of different
electron and phonon temperatures near the MgO=Fe
interface is significant especially for the definition
and evaluation of thermoelectric physical quantities. For
example, the Seebeck coefficient S is defined as
S ¼ ΔV=ΔTe, where ΔTe is the electron temperature drop
since the Seebeck effect is a consequence of electron
transport.
Although we have a nonequilibrium situation, it might be
useful to define an effective temperature drop ΔTeff , which
can be used to define a κMTJ ¼ q=ΔTeff , where q ¼
−kFee ½dTRe ðzÞ=dz − kFep ½dTRpðzÞ=dz is the total thermal
current through the junction. Note that q is conserved
whereas the electron and phonon thermal current alone are
not due to the imbalance.
Following Ref. [34] we define Teff by linear extrapola-
tion of the temperature from the equilibrium towards the
MgO barrier (see Fig. 4). For the case shown in Fig. 4, we
calculate κMTJ ¼ 1.681 × 108 Wm−2K−1. This value can
be used in a simple network model to estimate the electron
temperature drop by calculating ΔTeff . To evaluate the
error in this estimation, we calculate
Te − Teff
Teff − Tp
¼ k
Fe
p
kFee
: ð4Þ
This means that if kFee ≫ kFep , which is the case for most
metals, Teff is closer to Te than to Tp. If this is not the case
or a more precise knowledge of ΔTe is needed, one has to
solve appropriate transport equations, i.e., Eq. (1), for the
whole junction, but taking the first-principles values for
κMTJe and κMTJp . Moreover, the effect of the imbalance will
be larger if the phonon interface conductance is larger. This
effect is shown in the inset of Fig. 4, where we assume a 10
times larger κMTJp than the first-principles value, which
corresponds, e.g., to different materials. Note that even if
the phonon temperature drop across the barrier decreases,
the drop in the electron temperature will remain.
κMTJ is of particular importance for the interpretation of
measurements. In experiments a Seebeck voltage is mea-
sured and a temperature drop is estimated using diffusion
models. As stated earlier, often a value of bulk or thin film
value of MgO is used for κMTJ. In Fig. 5 we plot our
calculated κMTJ in comparison to bulk and thin film values
of MgO for different MgO thicknesses. Our results are
almost independent of the MgO thickness. As an example,
the value used in Ref. [10] is indicated by the green star.
This implies that the estimated Seebeck coefficients in
Ref. [10] may be too high.
In addition, we can calculate the thermoelectric figure of
merit ZT ¼ S2GT=κMTJ by calculating the Seebeck coef-
ficient S and the electrical conductance G. Because the
electrons have to tunnel, G decreases exponentially with
increasing barrier thickness and so does the value of ZT. S
is almost independent of barrier thickness with a value of
about 20 μV=K. Even for a very thin barrier of 3 MLMgO,
we obtain a very small ZT value of about 10−3 at 300 K.
FIG. 4 (color online). The electron temperature Te, the phonon
temperature Tp, and the linear extrapolation of electron temper-
ature Teff profiles across a Fe=MgOð9 MLÞ=Fe MTJ with the
temperature at the left side (L ¼ −10 nm) TL ¼ 301 K and right
side (L ¼ 10 nm) TR ¼ 300 K. For this system, lFe ¼ 3.72 nm.
The inset shows the temperature profiles assuming a 10 times
larger κMTJp than the first-principles value.
FIG. 5 (color online). The junction thermal conductance as a
function of MgO barrier thickness in this work (black) compared
to bulk MgO (red dashed line) and thin film MgO (blue dashed
line). The value used byWalter et al. [10] is shown as a green star.
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FIG. 15. Temperature profile across a Fe/MgO(9 ML)/Fe
MTJ. Te, Tp, and Teff are the electron, phonon, and linear
extrapolation temperatures, respectively. The inset shows the
te perature profile for the fictitious case of a ten times larger
κMTJp . Figure taken from Ref. [97].
electron and phonon temperature, Te and Tp, [97, 100]
kFee
d2Te(z)
dz2
−Geph(Te − Tp) = 0 ,
kFep
d2Tp(z)
dz2
+Geph(Te − Tp) = 0 ,
(15)
where z is the transport direction and Geph is the
electron-phonon interaction factor [101]. kFee and k
Fe
p are
the electron and phonon thermal conductivities in Fe,
respectively. The results are shown in Fig. 15.
It becomes clear that there is a huge temperature
drop at the MgO barrier, which was already expected
from Fig. 14. Further, an imbalance of the electron
and phonon temperature at the interface is visible. The
reason is that the electrons get more reflected than the
phonons at the interface and thus show a heat accumu-
lation. The electron phonon coupling leads to an equili-
bration of Te and Tp away from the interface. The inset
of Fig. 15 shows a fictitious case with an MTJ that have
a 10 times larger thermal conductance. In this case the
difference of electron and phonon temperature is further
increased.
Although there is a non-equilibrium situation at the
Fe/MgO interface one can estimate the total thermal con-
ductance through the whole MgO stack [97]. These val-
ues as a function of MgO thickness are given in Fig. 16 at
room temperature and can be used as input parameters
in finite element methods.
In Fig. 16 these values are compared to values ex-
tracted from bulk MgO and thin films MgO. Going from
bulk to thin films the thermal conductance is already de-
creased by one order of magnitude but it is again reduced
by one order of magnitude going t the MTJ. Thus the
values used the past for finite element methods [12]
l ad to an underestimati n of the tem eratur drop and
thus to an overestimation of the Seebeck coefficient. This
finding is confirmed by recent experiments [68, 77].
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dTLe;pðzÞ
dz

z¼−d=2
¼ dT
R
e;pðzÞ
dz

z¼d=2
;
κMTJe;p

TLe;p

−d
2

− TRe;p

d
2

¼ −κFee;p
dTRe;pðzÞ
dz

z¼d=2
;
TLe ðz ¼ −LÞ ¼ TL; TRe ðz ¼ LÞ ¼ TR;
where the last two conditions are some given temperatures
at the left and right of the MTJ, which has a total thickness
of 2L.
To illustrate our result, we show in Fig. 4 the electron
and phonon temperature profiles for a Feð10 nmÞ=
MgOð9 MLÞ=Feð10 nmÞ MTJ with a temperature
difference of 1 K. The consequence of different
electron and phonon temperatures near the MgO=Fe
interface is significant especially for the definition
and evaluation of thermoelectric physical quantities. For
example, the Seebeck coefficient S is defined as
S ¼ ΔV=ΔTe, where ΔTe is the electron temperature drop
since the Seebeck effect is a consequence of electron
transport.
Although we have a nonequilibrium situation, it might be
useful to define an effective temperature drop ΔTeff , which
can be used to define a κMTJ ¼ q=ΔTeff , where q ¼
−kFee ½dTRe ðzÞ=dz − kFep ½dTRpðzÞ=dz is the total thermal
current through the junction. Note that q is conserved
whereas the electron and phonon thermal current alone are
not due to the imbalance.
Following Ref. [34] we define Teff by linear extrapola-
tion of the temperature from the equilibrium towards the
MgO barrier (see Fig. 4). For the case shown in Fig. 4, we
calculate κMTJ ¼ 1.681 × 108 Wm−2K−1. This value can
be used in a simple network model to estimate the electron
temperature drop by calculating ΔTeff . To evaluate the
error in this estimation, we calculate
Te − Teff
Teff − Tp
¼ k
Fe
p
kFee
: ð4Þ
This means that if kFee ≫ kFep , which is the case for most
metals, Teff is closer to Te than to Tp. If this is not the case
or a more precise knowledge of ΔTe is needed, one has to
solve appropriate transport equations, i.e., Eq. (1), for the
whole junction, but taking the first-principles values for
κMTJe and κMTJp . Moreover, the effect of the imbalance will
be larger if the phonon interface conductance is larger. This
effect is shown in the inset of Fig. 4, where we assume a 10
times larger κMTJp than the first-principles value, which
corresponds, e.g., to different materials. Note that even if
the phonon temperature drop across the barrier decreases,
the drop in the electron temperature will remain.
κMTJ is of particular importance for the interpretation of
measurements. In experiments a Seebeck voltage is mea-
sured and a temperature drop is estimated using diffusion
models. As stated earlier, often a value of bulk or thin film
value of MgO is used for κMTJ. In Fig. 5 we plot our
calculated κMTJ in comparison to bulk and thin film values
of MgO for different MgO thicknesses. Our results are
almost independent of the MgO thickness. As an example,
the value used in Ref. [10] is indicated by the green star.
This implies that the estimated Seebeck coefficients in
Ref. [10] may be too high.
In addition, we can calculate the thermoelectric figure of
merit ZT ¼ S2GT=κMTJ by calculating the Seebeck coef-
ficient S and the electrical conductance G. Because the
electrons have to tunnel, G decreases exponentially with
increasing barrier thickness and so does the value of ZT. S
is almost independent of barrier thickness with a value of
about 20 μV=K. Even for a very thin barrier of 3 MLMgO,
we obtain a very small ZT value of about 10−3 at 300 K.
FIG. 4 (color online). The electron temperature Te, the phonon
temperature Tp, and the linear extrapolation of electron temper-
ature Teff profiles across a Fe=MgOð9 MLÞ=Fe MTJ with the
temperature at the left side (L ¼ −10 nm) TL ¼ 301 K and right
side (L ¼ 10 nm) TR ¼ 300 K. For this system, lFe ¼ 3.72 nm.
The inset shows the temperature profiles assuming a 10 times
larger κMTJp than the first-principles value.
FIG. 5 (color online). The junction thermal conductance as a
function of MgO barrier thickness in this work (black) compared
to bulk MgO (red dashed line) and thin film MgO (blue dashed
line). The value used byWalter et al. [10] is shown as a green star.
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FIG. 16. Thermal conductance of the MTJ as a function of
barrier thickness.The results (black solid line) re compared
to bulk (red dashed line) and thin film values (blue dashed
line) of MgO. In addition, the value adopted in the fini e
element simulations of Ref. [12] is marked. Figure taken from
Ref. [97].
C. Three-dimensional thermal gradients and
additional (magneto)thermoelectric effects
Additional (magneto)thermoelectric effects can occur
in TMS experiments depending on the used MTJ materi-
als and the heating technique. Here, we will discuss two
examples. If Si is used as substrate for the MTJs, addi-
tional Seebeck voltages [63] and photocurrents [102] can
be created in laser-heating induced TMS experiments de-
pending on the spot size of the laser. Furthermore, unin-
tended in-plane thermal gradients can end up in anoma-
lous Nernst effect (ANE) contributions in the electrodes
as systematically studied by Martens et al. [34]. Since the
heat dissipation of the laser spot occurs in all spatial di-
rections, additional (magneto)thermoelectric effects open
new opportunities for the detection of the overall direc-
tion of the thermal gradient based on different heating
scenarios and the control of the temperature gradient di-
rection.
The lock-in detection of the laser-heating induced TMS
experiments allows the time-resolved measurements of
the TMS. Thus, any rising time of the thermovoltages
and additional thermoelectric effects can be identified.
By comparing the time-dependent TMS for MTJs on
MgO and SiO2/Si substrates, Boehnke et al. identified
an additional Seebeck effect from the Si substrate that
is not detectable in case of MgO [63]. While for MgO
the thermovoltage increases within hundreds of µs up
to a plateau value, the thermovoltage of the Si samples
overshoots this plateau value and decreases back down,
probably due to additional capacitive couplings in the
sample structure. Boehnke et al. developed a model
circuit that considers the additional thermovoltage from
the Si together with a capacitive coupling through the
SiO2 layer and could nicely describe the time-dependent
experimental data.
The effect of a Seebeck voltage from the substrate is
only pronounced, if the laser spot is placed acentric on
the MTJ [63]. This hints to the fact that additional in-
plane thermal gradients induce the Seebeck effects of the
substrate. As long as they are not canceled out (as it is
the case for the acentric position of the laser spot), the
Seebeck voltage of the substrate is contributing. Since
MgO is insulating compared to the semiconducting Si, no
additional Seebeck effect can be observed for MgO sub-
strates independent from the position of the laser spot.
Beside this thermoelectric effect from in-plane thermal
gradients, Martens et al. studied magnetothermoelectric
effects, such as the ANE [103–105], for in-plane thermal
gradients in the electrode material [34]. They are able to
control the temperature gradient direction with respect
to the magnetization alignment and extract the contribu-
tion of the ANE to the TMS signal. The measurements
of TMS voltages in pseudo spin valves reveal a charac-
teristic shift, (see Fig. 17(a)) for parallel magnetization
alignment in opposite magnetic field directions.
The shift amplitude for each heating position is plotted
(a)
(b)
 c)(
FIG. 17. Identification of the ANE in TMS measurements.
(a) TMS magnetic field loop with different offset values for op-
posite parallel magnetic alignments Vp1 and Vp2 indicated by
the black arrows. The blue area marks the difference ∆VANE
between the voltages Vp1 and Vp2. (b) The extracted ∆VANE
values depending on the laser position. The whole plot is
projected to the bottom of the graph with a black ellipse in-
dicating the MTJ area. (c) The ∆VANE values along this
ellipse are plotted against the angle φ∇T of the temperature
gradient describing the expected sinusoidal dependence of the
ANE. Figures taken from Ref. [34].
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in Fig. 17(b) in a three-dimensional plot and projected to
the bottom of the graph with a black elliptically shaped
contour line that indicates the MTJ position. The anal-
ysis of the extracted voltage shows a behavior that cor-
responds to the ANE. Especially the voltages ∆VANE ex-
tracted at heating positions at the MTJs edge, marked by
the contour (see Fig. 17(c)) can be described by a sinu-
soidal dependence of the magnetization direction point-
ing to the typical angular dependence of the ANE [34].
Future work could relate the individual effects to
quantitative values that are reliable enough to compare
the thermal gradient components of the TMS (out-
of-plane component of ∇T) and the ANE (in-plane
component of ∇T). Thus, one could receive the effec-
tive spatial direction of the thermal gradient and create
a three-dimensional temperature gradient sensing device.
D. Vacuum gap as tunnel barrier
The TMS can be also observed on atomic scale if a
vacuum gap is used as the tunnel barrier [35, 36]. Ste-
fan Krause’s group from Hamburg University investigates
STT and TMS on magnetic single and double layers using
magnetic tips for scanning tunneling microscopy (STM).
As depicted in Fig. 18(a), the tip is heated by a laser
and, thus, creates the temperature gradient. The ther-
mal expansion of the tip is used to determine quantita-
tive numbers for the temperature difference. Due to this
laser-heating induced thermal gradient the TMS can be
detected as a thermovoltage and be mapped across the
studied surface with atomic resolution for different mag-
netic moment alignments depending on the given sample.
Here, Friesen et al. have studied the TMS in Fe sin-
gle and double layers grown on W(110) and Ir(111) sub-
strates [36]. They clearly observe a linear dependence
of the temperature difference between tip and surface on
the magnetothermopower. Mapping of the local compen-
sation bias voltage Uc of the thermopower for zero DC
tunnel current leads to the spatially-resolved Seebeck co-
efficient S. The compensation to zero tunnel current al-
lows the exclusion of additional DC Joule heating effects.
This measurement technique that is based on AC tunnel
currents can be even applied for a vanishing temperature
gradient, as discussed in Ref. [36]. In single layers of Fe
on W(110) the magnetic moments are preferred in-plane
aligned while for double layers the out-of-plane alignment
is more favorable and the moments align in magnetic do-
mains and domain walls, which is also observable in the
mapping of the Seebeck coefficient.
The Seebeck coefficients on the double layers can be de-
scribed by a combination of spin-averaged Seebeck tun-
neling (ST), TMS and tunneling anisotropic magneto-
Seebeck (TAMS) thermopower generated by spin-orbit
coupling and by the different aligned magnetic moments
within the magnetic domains and across the domain
walls. The difference between three effects is shown in
FIG. 18. (a) Schematics of a single atom tunnel contact
between a magnetic tip and a magnetic sample in an STM
setup. The tip is heated by a laser beam, thereby creating
a temperature difference ∆T . The resulting thermovoltage
V across the junction is determined under compensated con-
ditions. (b) Spatially-resolved determination of the Seebeck
coefficient S allows the component-resolved decomposition of
spin-averaged tunneling Seebeck (TS), tunneling anisotropic
magneto-Seebeck (TAMS) and TMS thermopower. Figures
provided by Stefan Krause. (c) Comparison of standard tun-
nel current STM (I-STM) and the Seebeck tunneling mode
of the STM with heated tip (ST-STM) obtained in compen-
sated conditions. The images are taken on the same area on a
Fe/W(110) sample at a temperature of 50 K. Single and dou-
ble layer can be clearly identified. Figure taken from Ref. [35].
Fig. 18(b) and they have been separated in the work of
Friesen et al. [36]. As an example, the mapping of the
spin-averaged ST response is shown in Fig. [35] with the
Uc values of the single and double layers for a Fe/W(110)
sample. A standard tunnel current STM (I-STM) image
of the same area is presented for comparison. The map-
ping of the magnetic response and additional results such
as the mapping of S for the Skyrmion material Fe/Ir(111)
can be found in Ref. [35]. Generally, thermovoltages in
STM experiments show fine contrast and features of elec-
tronic states also in nonmagnetic samples because of their
different dependence on the local density of states as com-
pared to an electrically biased tunneling.
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V. CONCLUSION AND OUTLOOK
The tunnel magneto-Seebeck effect (TMS) in magnetic
tunnel junctions (MTJs) is a fascinating spin caloritronic
effect that provides the possibility to obtain thermovolt-
ages depending on the magnetic configuration of the MTJ
and, thus, to use heat for future elements of spintronic
circuits. We have reviewed the successful way of the TMS
from first detection by laser- and electric heating in Co-
Fe-B/MgO/Co-Fe-B MTJs [12, 13] over material opti-
mization aspects to open questions that still have to be
solved.
The experimental equipment and theoretical imple-
mentations are already on a very high level, so that
ab initio calculations of band structure and transmis-
sion function nicely agree with the features that are ob-
served in experiments. This scientific tango between the-
ory and experiment [106] led, for example, to the predic-
tion and experimental confirmation of high TMS ratios
in MTJs with half-metallic Heusler electrodes [16]. We
further presented the increase of thermovoltages for the
use of MgAl2O4(MAO) barriers with an optimized bar-
rier thickness of 2.6 nm [67]. Future studies should be
made for Heusler/MAO/Co-Fe-B MTJs to adjust both
high TMS ratios and large thermovoltages.
Further aspects that have to be addressed are the dis-
entanglement of any intrinsic TMS effect induced by the
tunnel current itself from the characteristic properties of
the barrier shape that influence the V-I curve in a simi-
lar way [62]. The role of the barrier thermal conductivity
and additional thermal interface conductivities between
barrier and electrodes are not yet fully explored. Due to
the theoretical work done by Zhang et al. [97] and ex-
periments by Huebner et al. [68] as well as Bo¨hnert et
al. [77] barrier thermal conductivities at least one order
of magnitude below the bulk value or even lower can be
expected. Additional optical experiments based on time-
domain thermoreflectance [107] could shine light on these
buried parts of TMS research.
The TMS in double-barriers [108, 109] and the role of
magnon transport in the TMS [110] have been discussed
recently from the theoretical side. However, experiments
following these ideas have not yet been conducted. Fi-
nally, the community should move forward towards appli-
cations and explore devices that combine the TMS with
other spintronic or (magneto)thermoelectric effects to in-
tegrate MTJs in nano electronics while recovering unused
heat in those nanostructure. Nanostructured sensing de-
vices for three-dimensional thermal gradients [34] and the
use of thermal gradients in STM devices [36] are only the
first realizations of new TMS applications.
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